The causes of failure mechanisms of multilayer ceramic capacitors that result in zero resistance (shorts) or low resistance (high leakage) behaviour in the capacitors when the capacitors are subjected to low voltages have been studied. It has been found that failures resulted from the electrochemical reaction of electrode materials in the microscopic open pores which pass across a ceramic layer between inner electrodes and are filled with water containing C1-ions. The mechanism found in this investigation has been applied to enable screening processes to be evolved for manufactured capacitors to eliminate the possibility of failure and hence to improve the reliability of circuits using multilayer ceramic capacitors.
INTRODUCTION
There are three types of typical failure modes in multilayer ceramic capacitors; electrical shorts or low resistance, open circuits failure, and finally capacitance value being out-of-tolerance. The most common of the three is the electrical short circuit or low resistance failure mode.
It has been reported by T. F. Brennan that in many cases multilayer ceramic capacitors failed insulation resistance testing at less than 1/10th of their rated voltage. Voids (small or large), microcracks, delaminations, impurities in the ceramic, migration of external electrode materials (e.g. silver), and contamination on the ceramic surface have all been considered as the causes of poor insulation resistance. 2, 3 However, failure due to low resistance at low voltage stress has not been examined.
In 
Location of Leakage Path
The leakage path of the failed capacitor was investigated by three steps.
First step: After confirming that there was no leakage on the ceramic surface, the individual inner electrodes were isolated by removing one of the outer electrodes. The leaky ceramic layer was determined by measuring the resistance between each isolated electrode and the other outer electrode as shown schematically in Figure 6 .
Second step: The ceramic was planed down parallel to the inner electrode plate by sand paper or sand/air abrasion, until the dielectric layer between the electrodes (1 and 1' in Figure 6 ) appeared. One of the inner electrode plates across the dielectric layer was then exposed by using a narrow beam sand/air abrasion system and afterwards the outer electrode which had been removed by the first step was reconnected using silver paste. Careful removal of the electrode plate a little at a time, whilst watching the current across the dielecrtric, was performed until the observed resistance suddenly became infinite. This location, just before the resistance became infinite, is the macroscopic high leakage portion of the dielectric (as shown schematically in Figure 7 ). existence of small voids in the high leakage portion was thus confirmed. Subsequently element analysis in the vicinity of voids was performed by an X-ray micro analyzer (XMA). The material found to be responsible for the high leakage was Pd metal together with C1-in the voids as shown in Figure 11 . An agglomerate phase containing Ca was also found near the voids. After bombarding the high leakage portion with Ar + ions step by step, it was also confirmed by SEM-XMA that 4. FAILURE MECHANISMS On the basis of the experimental facts, the following processes are suggested.
1) Formation of the microscopic leakage path
between inner electrodes during manufacturing or during assembly processes.
2) Penetration into the microscopic leakage path, already contaminated with C1-ions, by water from the outside of the capacitor.
3) Deposition of inner electrode material into the microscopic leakage path based on an electrochemical reaction of the inner electrode metal at low dc voltages. 
Pd Migration
In order to study Pd migration, the dissolution of palladium was measured as a function of electrochemical electrode potential in water and in aqueous solutions of Na2SO4, NaNO 3, and NaC1. The relationships between the applied voltage Va, the current density J, the anode potential E and the cathode potential Ec, are shown in Figure 12 for the case of aqueous NaC1 soltuion. To measure the minimum dissolution voltage for Pd, the current O in Figure 12 is shown in Figure 13 on an enlarged scale. The beginning of the current increase appears around 0.3 V. This anode potential is equivalent to the applied voltage of about 0.5 V given in Figure 12 .
As an attempt to observe Pd dissolution directly, two sheets of filter paper containing 1N NaC1 solution were sandwiched between Pd metal plates, and a low dc voltage was applied to the Pd plates. As expected, one could observe directly the Pd migration from the colour change (black) on the paper at the cathode. Pd migration was observed at 1.5 V, but applied voltages above 3 V no longer gave Pd dissolution. Pd migration in the region of 0.5 V to 3 V coincided with the voltage region in which capacitors failed. by C1-ions must also be eliminated because Pd dissolution at low dc voltage is increased in the presence of C1-ions.
CONCLUSIONS
The leakage mechanism causing failure in ceramic capacitors has been studied using various techniques. The existence of small voids or microcracks passing through the dielectric, the presence of chlorine contamination in water that has penetrated into the capacitors through the microcracks and the subsequent effect of chlorine on the dissolution of Pd of the inner electrodes are all contributions to the leakage mechanism. Furthermore it has been shown that the dissolution of Pd can occur at low voltage stresses in the presence of chlorine ions.
As a result three screening tests have been suggested for detecting possible failures in capacitors.
With regard to improving the manufacturing of ceramic capacitors, it is noted that it is important to eliminate C1-ion contamination, open pore structures in the ceramic and any agglomeration phases in the ceramic.
